A novel high performance liquid chromatography (HPLC) hyphenated to tandem mass spectrometry (LC-MS/MS) method for the separation and quantification of components from common organic carbonatebased electrolyte systems in lithium ion batteries (LIBs) was developed. The method development included the quantification of organic electrolyte main components as well as selected aging products in LIBs. The separation of these compounds was optimized and the limits of detection (LODs), limits of quantification (LOQs) and recovery rates were determined. For the analysis of substances without commercially available standard substances, a quantitative approach was conducted. In this study, four different lithium hexafluorophosphate (LiPF 6 )-based lithium ion battery (LIB) electrolytes were analyzed.
Introduction
Due to their high energy density and high specic energy, LIBs belong to the most used battery types in the world for handheld devices and automotive applications.
1,2 However, the main disadvantage is the limited lifetime due to aging processes accompanied by capacity fading. 3, 4 In order to understand and minimize aging effects inside the electrolyte, novel analytical methods for the investigation of electrolyte components in LIBs are required. Mass spectrometry techniques for the quantication of electrolyte compounds are very important as exact amounts of components are determined with overall low LOQs. With this knowledge, the discussion of decomposition mechanisms is facilitated due to the fact that the increase or decrease of certain constituents and the associated kinetics of the reactions may be correlated to different aging procedures. A LIB usually consists of a carbon/graphite based anode, a lithium transition metal oxide cathode and an electrolyte soaked polyolen-based separator. 5, 6 The electrolyte provides ionic conductivity and consists of mixture of organic solvents and at least one conducting salt. Typically, the solvents in the electrolyte are a mixture of cyclic and linear organic carbonates like ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl carbonate (DEC). 7 Nowadays, the most applied conducting salt is lithium hexauorophosphate LiPF 6 . 8, 9 While LiPF 6 is essential for the protection of the used Al current collector, 10 the disadvantage of LiPF 6 is its chemical and thermal instability in organic carbonates towards the P-F bond which is one reason for electrolyte aging and has initiated substantial research efforts in view of the synthesis of alternative salts.
11 So far, however, LiPF 6 could not be replaced in commercial LIB electrolytes.
LiPF 6 forms an equilibrium with LiF and PF 5 . The formation of aging products starts with the reaction of organic carbonates with PF 5 . Further, transesterication reactions between the organic carbonates occur in the electrolyte.
12-14
Another decomposition pathway is the electrochemical reaction of electrolyte compounds at the charged anode. These decomposition products, particularly from EC, build a protective layer on the anode, the solid electrolyte interphase (SEI). 15, 16 A schematical overview of selected aging mechanisms for the aging products that were investigated in this study is shown in Fig. 1 . One aging mechanism is the trans-esterication of EMC to DMC and DEC ( Fig. 1 pathway (a) ).
12-14,17,18 PF 5 is a lewis acid and even reacts with traces of water. 19 In case of water contaminations, the resulting POF 3 is hydrolyzed in several steps to diuorophosphoric acid, monouorophosphoric acid and phosphoric acid. 20 Subsequent reactions may occur which produce organophosphate-based and organic uorophosphate-based aging products. Organic uorophosphate-based aging products are generated due to the reaction of POF 3 with the organic carbonates, shown in Fig. 1, pathway (c) . The reaction of HPO 2 F 2 with organic carbonates leads to the generation of the phosphate-based aging products (pathway (d)). By hydrolysis, the organic uorophosphate-based aging products may react to organophosphate-based aging products. Oligomeric carbonate species are formed due to the electrochemically induced ring opening of EC and a subsequent reaction with linear organic carbonates. In general, one equivalent EC and two equivalents of linear organic carbonates react (Fig. 1, pathway (b) ).
Several analytical techniques for the quantication of LIB electrolyte components were published so far in literature. The quantication of organic carbonates in LIBs from hybrid electric vehicles was done by Grützke et al. with the gas chromatography ame ionization detector (GC-FID) technique. 21 The quantitative analysis of organic carbonates and the additive vinylene carbonate (VC) with HPLC ultraviolet visible (UV/VIS) detection was performed in our previous works. 22, 23 The quantication of two organophosphates, dimethyl uorophosphate (DMFP) and diethyl uorophosphate (DEFP) in aged LIB electrolytes with LC-MS/MS was conducted by Kra et al. 24 They found elevated amounts of DMFP and DEFP in electrolytes aged at 95 C and in LIBs treated electrochemically at 5.5 V. Wagner et al. have shown the importance of these compounds for electrochemical performance. 25 Weber et al. published a method for the quantication of DMFP and DEFP with GC-MS. 26 The hydrouoric acid concentration in LIB electrolytes was quantied in the work of Lux et al. by applying a method measuring the SiO 2 loss. 27 Tochihara et al. studied the decrease and increase of peak intensities aer formation and aer cycling the cells at 60 C. They found an increase in organo uorophosphates and a decrease in carbonate-based aging products. They claimed that this decrease probably occurred because the carbonate polymers are modied compounds originating from components of the SEI generated during formation.
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In this study, a LC-MS/MS method for the quantication of LIB electrolyte main constituents (EC, DMC, EMC, DEC) and selected carbonate-based aging products (2,5-dioxahexanedioic acid dimethyl ester (DMDOHC) and 2,5-dioxahexanedioic acid diethyl ester) as well as organophosphate-based aging products 6 ) and organic carbonates with battery grade purity were ordered from BASF (Ludwigshafen, Germany). 2,5-Dioxahexanedioic acid dimethyl ester (DMDOHC) and 2,5-dioxahexanedioic acid diethyl ester (DEDOHC), both a purity of 98%, were purchased from abcr GmbH (Karlsruhe, Germany). Dimethyl phosphate (DMP): purity: 98%, determined during the experiments by nuclear magnetic resonance (NMR) spectroscopy due to the reactivity of the compound, diethylphosphate (DEP, 99%) and triethyl phosphate (TEP, 99.8%) were bought from Sigma Aldrich (Steinheim, Germany). All structures can be found in Fig. 1 and 5.
Cell assembly and cycling
The lithium ion full cells were built in a two electrode pouch bag cell setup. The cell geometry of a pouch bag cell is rectangular, thin and consists of two electrodes that were arranged together with a separator in a linear, stacked setup. The case is made of a exible aluminum laminated multilayer foil. In-house made lithium nickel manganese cobalt oxide (NMC-111) and mesophase carbon microbeads (MCMB) electrodes were used as cathode and anode, respectively. The electrodes with dimensions of 3 Â 3 cm had aluminum and copper current collectors. As electrolyte, LP30, LP40 and LP50 were used, each cell was lled with 375 mL electrolyte. The one layered separator between anode and cathode was Freudenberg 2190 (polypropylene eece, Freudenberg, Germany). The pouch cells were assembled in a dry room with a dew point about À65 C.
For the investigations at different upper cut-off potentials, half cells were built in a T-half cell setup. This consists of a working, counter and reference electrode (WE, CE, RE). The electrodes for the half cells had a diameter of 12 mm. The WE was lithium nickel manganese oxide (LNMO) and lithium metal electrodes were used as CE and RE. Two separator stacks (Freudenberg 2190), each made from six sheets, were placed in the half cell, one between WE and CE and one at the reference electrode. 200 mL of the electrolyte were lled into the half cells on the separators. The cells were assembled in an argon-lled glovebox (MEGA Line, mBraun, Garching, Germany) with oxygen and water contents lower than 1 ppm.
The assembled the cells were cycled with a MACCOR Model 4300 battery tester (Maccor, USA) in a climatic test chamber (KB 400, Binder, Germany) set to 20 C and 60 C for full cells, respectively. The used voltage range was 2.8-4.15 V for the full cells. The formation procedure consisted of two cycles with a constant-current-constant-voltage (CCCV) step at a charge rate (C-rate; C) with 0.1C for 3 cycles followed by a CCCV cycling step at 0.5C for 3 cycles. Aerwards, the cells were cycled with a CCCV step at 2.0C for 100 cycles. The discharge steps with the corresponding specic currents were performed with a constant-current cycling step. For reproducibility reasons, two cells were built for each cell experiment. For the electrochemical aging investigations of the half cells, three different upper cut-off potentials were used. The cells were cycled in a potential range from 3.0 V to 4.95 V, 5.20 V and 5.60 V vs. Li/Li + . The cycling procedure contained a formation step with a CC step and a C-rate of 0.2C for 3 cycles. A subsequent CC step with 1.0C for 100 cycles was applied aer formation. For reproducibility reasons, all cells were investigated twice.
Thermal aging
5 mL of electrolyte (LP 30, LP40 and LP 71) were given into a gastight aluminum vessel and stored at 60 C for two weeks. For thermal aging with water addition, the samples were prepared in the same way but 100 mL water (2 vol%) were added to the electrolyte.
LC-MS/MS conditions
For quantitative investigations of electrolytes with LC-MS/MS, a UHPLC NexeraX2 LC-30 System from Shimadzu (Kyoto, Japan) was used. The hyphenated mass spectrometer was a LCMS-8040 from Shimadzu (Kyoto, Japan). For ionization of the substances, electrospray ionization was used in the positive ion mode with an interface probe voltage of 5 kV. In order to gain the highest sensitivity and selectivity, the MRM mode was applied. The desolvation line temperature was 230 C and the heat block temperature 200 C. The conversion dynode was set to 10 kV. The nebulizing gas ow was 3 L min À1 and the drying gas ow (both nitrogen) 15 L min À1 . As gas for the collision-induced dissociation (CID), argon was used with a pressure of 130 kPa. The mass range for the product ion scan mode was set between 80-350 Da. The eluent used consisted of mobile phase A (aqueous 0.1 vol% formic acid solution for a more efficient ionization) and mobile phase B (methanol) with a ow rate of 0.4 mL min À1 .
The used gradient is described in the following: 0 min, 2% B; 2.5 min, 2% B; 25 min, 55% B; 28 min, 90% B; 29 min, 90% B; 29.01 min, 2% B, 30 min, 2% B. The column oven was tempered to 40 C. As stationary phase, an ACE Excel C 18 -PFP column with 14.3% carbon and integrated pentauorophenyl functionality was used. The dimensions were 2.1 mm Â 100 mm, the pore size was 100Å and the particle size 2 mm. The injection volume of the samples was set to 0.1 mL for the optimization of the substances and to 1 mL during quantica-tion. The whole system was controlled by LabSolutions LCMS (Version 5.80) (Shimadzu, Kyoto, Japan). Each electrolyte sample and self-assembled cell was double investigated and measured three times to verify the reproducibility of the results.
Sample preparation
Aer galvanostatic cycling, the pouch cells were opened in a dry room. The separator was quickly taken out of the cell and given into a 1.5 mL Eppendorf Safe Lock Tube in order to prevent electrolyte evaporation. The Safe Lock Tube contained an inserted pipette tip to act as distance piece between the bottom of the Safe Lock Tube and the separator. With a Galaxy SD Microcentrifuge (VWR International GmbH, Germany) the SafeLock Tube containing the separator was centrifuged for 15 minutes at 8500 rounds per minute. With this method, the electrolyte accumulated on the bottom of the vial and was removed pure for LC-MS measurements. For optimization measurements, the following substances were diluted with methanol: EC, DMC, EMC, DEC were diluted 1/1000 (v/v), DMDOHC and DEDOHC 1/100 000 (v/v). DMP and DEP were
Results and discussion

MRM mode optimization
For the optimization of the multiple reaction monitoring (MRM) mode, the precursor ion, the product ions as well as the collision energy and the pre-rod bias voltage for quadrupole 1 and 3 of each used standard substance are of importance. 29 The optimization of these device parameters, adapted to each substance, was performed automatically without a column. The substances with the chosen precursor ions and the fragments are shown in Table 1 . All quantied substances were separated on a C 18 -PFP column. The corresponding retention times are listed in Table 1 .
For the oligocarbonates EMDOHC, oligocarbonate (OC) 1, OC 2 and OC 3, no standards were commercially available. Because of this, a quantitative approach by the determination of the peak areas was conducted for these four substances. Therefore, the substances were optimized with an aged electrolyte sample containing these aging products. The optimization was conducted automatically with a C 18 -PFP column by the knowledge of the retention times for the substances.
The LOD and LOQ values for all quantied substances are listed in Table 2 . Due to the increased sensitivity which is obtained by the highly sensitive and selective MRM mode, low LODs and LOQs were determined. The presented method is a valuable amendment to the previous work with the LC-IT-TOF-MS technique and the HPLC-UV/VIS in LIB electrolyte research.
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Furthermore, the recovery rates of all quantied substances were determined. For the determination of the organic carbonates, fresh electrolytes were measured and the determined amount was referred to the theoretical amount of organic carbonate into the electrolyte. For the aging products DMDOHC, DEDOHC, DMP, DEP and TEP, no standard electrolytes with reference amounts were available. Therefore, a standard mixture was prepared for the determination of the theoretical amount inside the mixture. The recovery rates are listed in Table 2 .
Quantication results
During the quantication with the LC-MS/MS device, the signal intensity of all quantied substances decreased due to a typical device dri. This decrease was compensated with calculated correction factors which were determined for each substance. For this purpose, one reference sample containing all investigated substances was measured in constant intervals distributed over the amount of samples. In this way, the intensity decrease of each substance during the measurements was monitored.
The quantication results in this chapter were always referred to g substance per L electrolyte. Ion suppression effects were neglected due to the fact that on the one hand, a column was used for the separation and on the other hand, all electrolyte samples were diluted 1/5000 (v/v). Table 3 and displayed graphically in Fig. 1 The quantication results of the investigated electrolytes LP40 and LP71 showed similar results. In the case of LP40, thermal aging with water accelerated the DEDOHC formation and led to the additional formation of DEP, TEP and OC 3 in the electrolyte. The content of organic carbonates decreased comparing thermal aging and thermal aging in the presence of water due to accelerated aging reactions in the water containing samples.
Since LP71 contains DMC and DEC, the methyl-and ethylgroup containing aging product DMDOHC, EMDOHC and DEDOHC were detected in the sample aged at 60 C. Thermal aging at 60 C with 2 vol% water showed the additional generation of DEP, TEP, OC 1 and OC 2 and signicantly increased amounts of DMDOHC, EMDOHC and DEDOHC. Again, the decreasing amounts of organic carbonates in the thermally aged, water containing sample correlated to the increased amounts of aging products. In general, aer thermal aging of the electrolytes, carbonatebased aging products were formed. Aer thermal aging of the electrolytes with water addition, carbonate-based aging products and additionally phosphate-based aging products were generated. Comparing the aging of electrolytes LP30, 40 and 71, it is obvious, that the structures of the aging products origin from the content of the initial electrolytes. Aged LP30 contained only aging products with dimethyl groups whereas aged LP40 contained only aging products with diethyl groups. Compared to LP71, all kind of aging products with dimethyl groups, diethyl groups and methylethyl groups were formed. With these results of the experiments, it was evidenced that the alkyl groups of the organic carbonates from the initial electrolytes can be found in the aging products according to the reactions shown in Fig. 1 .
The water consumption of the electrolytes during thermal aging with 2 vol% water was determined by Karl Fischer titration. Therefore, the water content of the samples was measured directly aer the water addition to the electrolytes. The initial water content of all samples was 14 599 ppm AE 27 ppm. Aer two weeks, the electrolytes contained only 1415 ppm AE 78 ppm water, the water content was reduced during aging reactions within these two weeks. The water content aer two weeks thermal aging at 60 C was 556 ppm AE 57 ppm for LP30, 464 ppm AE 15 ppm for LP40 and 474 ppm AE 2 ppm for LP71. The elevated water consumption indicates the accelerated aging reactions that occurred in the thermally aged electrolytes containing water. The results of an increased water consumption at 60 C were conrmed by the high amount of generated aging products inside the electrolytes. Concerning the results of electrochemical aging, all cells showed a similar trend: the cells containing LP40 cycled at 20 C showed elevated amounts of DEDOHC, TEP and OC 3 compared to the cells cycled at 60 C. This trend is probably explained due to a different temperature behaviour of the SEI.
7,34,35
The same trend appeared in the cell with LP50. DMDOHC, EMDOHC, OC 1, OC 2, OC 3 and TEP were present in signi-cantly higher amounts in the cell cycled at 20 C. Furthermore, the amount of DEC which was generated by transesterication reactions, decreased in the cell cycled at 60 C.
The amount of DMDOHC was several times higher in the cell with LP30 compared to the cells that contained LP40 and LP50, cycled at 20
C. This might be explained by the fact that DMC is a known, less toxic methylation reagent. [36] [37] [38] This fact was studied from Arico et al., they investigated also the reaction mechanisms of DMC and its selective behavior in reaction with different nucleophiles.
36 Furthermore, they consider the principle of hard and so acids and bases (HSAB) in the reaction behavior of DMC. As result of their study, they showed that at complete conversion of the substrate the selectivity for the monomethylated product is oen >99%. C, the SEI completely decomposed. 39 They also claimed that the SEI is more porous at elevated temperatures, with partial exposing of the graphite surface. The formation of inorganic SEI species was favored at higher temperatures.
35
These results let assume that the oligocarbonates in the 
Conclusions
This work presented a LC-MS/MS technique for the quantica-tion of LIB electrolyte main constituents as well as for selected aging products. All electrolyte constituents, including the organic carbonates and different types of aging products were successfully separated on the C 18 -PFP column and their amount in the electrolytes was quantied when present above the LOQ. The LODs, LOQs and recovery rates of all quantied substances were determined. The MRM mode was used in order to achieve the highest sensitivity. The comprehensive quantication was limited by a low number of commercially available standard substances. Due to this limit, a quantitative approach with the determination of the peak areas was conducted. Thermal aging of LP30 led to the generation of DMDOHC, in LP40, DEDOHC was generated and in the samples containing LP71, DMDOHC and DEDOHC were quantied. In all cases, aer thermal aging in the presence of 2 vol% water, the amounts of DMDOHC and DEDOHC were signicantly increased and organophosphate-based aging products were generated and quantied. Accordingly, the amount of main constituents (EC, DMC and DEC) decreased with increasing amounts of aging products. The accelerated aging reactions were also correlated to a high water consumption at elevated temperatures. The results were conrmed by the quantitative approach, all signal areas from the investigated carbonatebased aging products showed an increase aer thermal aging with water. Electrochemical aging with increasing cutoff potentials showed slightly elevated amounts of DMDOHC and DEDOHC in the cell cycled at 5. Compared to the cells cycled at 20 C, in all cells cycled at 60 C, the amount of these aging products signicantly decreased.
In general, the combination of this developed LC-MS/MS technique for the quantication of LIB electrolyte substances with the previous work about structural elucidation with LC-IT-TOF-MS, offers a comprehensive LIB electrolyte analysis with LC-MS (Fig. 3) . The comprehensive and powerful analysis allows the structural elucidation and quantication of electrolyte constituents as well as the correlation to the different aging procedures (Fig. 4) . 
